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Summary 
Homologs of the Drosophila clock gene per have re- 
cently been cloned in Lepidopteran and Blattarian in- 
sect species. To assess the extent to which clock 
mechanisms are conserved among phylogenetically 
distant species, we determined whether PER protein 
from the silkmoth Antheraea pernyi can function in the 
Drosophila circadian timing system. When expressed 
in transgenic Drosophila, the silkmoth PER protein is 
detected in the expected neural cell types, with diurnal 
changes in abundance that are similar to those ob- 
served in wild-type fruitflies. Behavioral analysis dem- 
onstrates that the silkmoth protein can serve as a 
molecular element of the Drosophila clock system; ex- 
pression of the protein shortens circadian period in a 
dose-dependent manner and restores pacemaker 
functions to arrhythmic per0 mutants. This compara- 
tive study also suggests that the involvement of PER 
in different aspectsof circadian timing, such as period 
determination, strength of rhythmicity, and clock out- 
put, requires distinct molecular interactions. 
Introduction 
Circadian clocks, which synchronize physiological, behav- 
ioral, and molecular processes with environmental cycles, 
display similar functional properties in unicellular organ- 
isms, plants, and animals (Edmunds, 1988). All circadian 
pacemakers, for example, have an endogenous period 
close to 24 hr, which is stable over a physiological range 
of temperatures (i.e., temperature compensated; Pitten- 
drigh, 1974) and can be reset by light and other environ- 
mental stimuli. There are also demonstrable similarities 
among pacemakers at the level of cellular mechanism. 
For instance, circadian pacemaker neurons or neural en- 
sembles in the molluscan eye and the rodent suprachias- 
matic nucleus have similar electrophysiological properties 
(Rosenwasser,  1988). In both types of pacemaker tissues, 
there are circadian rhythms in electrical activity with daily 
peaks during the subjective day, and this patterning of 
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electrical activity occurs in nocturnal and diurnal species 
(Rosenwasser,  1988). In addition, in a variety of animal 
species, the same intracellular signaling pathways may 
mediate the resetting response of neural pacemakers 
(Eskin et al., 1982; Prosser and Gillette, 1989; Prosser et 
al., 1989, 1994; Ralph etal., 1992; Takahashi et al., 1993; 
Levine et al., 1994; Colwell et al., 1994). These similarities 
in integrative function and physiological mechanism in ver- 
tebrates and invertebrates suggest that the molecular 
mechanisms underlying pacemaker function might be 
conserved among different species. Hence, studies in dif- 
ferent model systems, with distinct experimental advan- 
tages, might provide a more general understanding of cir- 
cadian pacemaker mechanisms, 
The fruitfly Drosophila melanogaster has been em- 
ployed extensively as a model genetic system for the anal- 
ysis of circadian rhythms (reviewed in Jackson, 1993). In 
particular, the Drosophilaperiod@er) gene has been stud- 
ied in great detail and shown to encode a molecular ele- 
ment of the circadian pacemaker (see Hall and Rosbash, 
1993). Mutations of the per gene can abolish behavioral 
rhythmicity @erO),  lead to abnormally long @erL)  or short 
(pers) circadian period, perturb the clock resetting re- 
sponse, and disrupt temperature compensation (Konopka 
et al., 1989). Changes in per gene dosage also have pre- 
dictable effects on the circadian clock (Smith and Ko- 
nopka, 1982). 
Both per mRNA and PER protein exhibit regular 
changes in abundance during the circadian cycle (Siwicki 
et al., 1988; Hardin et al., 1990) and it has been postulated 
that per gene products constitute a negative feedback 
transcriptional loop that is part of the circadian clock (Har- 
din et al., 1992; Zeng et al., 1994). Consistent with a role 
in transcriptional regulation, the PER protein is known to 
have a nuclear localization within neurons of the adult 
brain (Liu et al., 1992) including a group of neurons in 
lateral regions of the protocerebrum that are thought to 
be cellular elements of the circadian clock (Ewer et al., 
1992; Frisch et al., 1994). 
Homologs of the per gene have been cloned in various 
Dipteran species (Colot et al., 1988; Nielsen et al., 1994) 
and functional studies using D. pseudoobscura (Petersen 
et al., 1988) or D. simulans (Wheeler et al., 1991) se- 
quences have demonstrated interspecies rescue of rhythms 
in D. melanogaster per mutants. Interspecific compari- 
sons of Drosophila PER proteins have identified con- 
served domains, and one of these conserved regions (c-2; 
Colot et al., 1988) includes the locations of the perL and 
perS mutations, as well as the PAS domain (Huang et al., 
1993), which may mediate protein associations. Both the 
amino-terminal (c-l) and carboxy-terminal (c-6) coding re- 
gions of per are also highly conserved. Though these com- 
parative studies show that PER function is conserved in 
Drosophila species, they do not indicate whether such 
clock mechanisms are employed in more distant species. 
Recently, two of us (S. M. R. and I. S.) cloned per gene 
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relatives in a number of phylogenetically distant insects, 
including the giant silkmoth Antheraea pernyi (Reppert 
et al., 1994), which diverged from Dipteran species 240 
million years ago. Given the previous studies of the silk- 
moth circadian clock (Truman, 1971, 1972, 1974) and the 
presence of large, identifiable neurons in the brain, this 
species might have tremendous advantages for the cellu- 
lar analysis of circadian pacemaker mechanisms. The 
neural expression pattern of per product has already been 
documented in the silkmoth, and it has been shown that 
both the mRNA and protein exhibit circadian fluctuations 
in abundance (Reppert et al., 1994) that are similar to 
those observed in Drosophila (Siwicki et al., 1988; Hardin 
et al., 1990). However,  for the further pursuit of molecular 
investigations in this species, it would be valuable to exam- 
ine the silkmoth protein functionally to demonstrate that it 
is a molecular element of the pacemaker, which regulates 
circadian rhythms. Here, we ask whether the A. pernyi 
PER protein can function as an element of the Drosophila 
circadian pacemaker. 
Results 
Generation of Transgenic Drosophila Carrying 
a Fly-Moth Chimeric Gene 
A chimeric gene construct was prepared by placing the 
coding region for the silkmoth per gene homolog under 
the control of Drosophila per regulatory sequences. This 
construct, called M4 (Figure lA), was introduced into the 
Drosophilagenome by P element-mediated DNA transfor- 
mation (Spradling and Rubin, 1982; see Experimental Pro- 
cedures). Strains were established from each of three pu- 
tative transformants, and it was apparent in the next 
generation that all three P element inserts mapped to the 
autosomal genome. Whole-genome Southern analysis 
with DNAs from transgene-bearing flies and control sib- 
lings demonstrated that silkmoth coding sequences were 
present and verified that the three lines represented inde- 
pendent P element insertion events (Figure 1B). One of 
these lines, M4-2, was used to generate additional inde- 
pendent genomic insertions of the M4 transgene by the 
method of “transposase hopping” (see Experimental Pro- 
cedures). Two independent transgene-bearing lines, M4-2 
and M4-15, were selected for detailed immunohistochemi- 
cal and behavioral analysis. In all of our experiments, M4 
transgene-bearing flies were compared with siblings of 
similar genetic background that lacked the transgene. 
The Silkmoth PER-Related Protein Cycles 
in Abundance in Drosophila 
In D. melanogaster and A. pernyi, PER protein immunore- 
activity exhibits circadian changes within photoreceptor 
nuclei of the visual system (Siwicki et al., 1988; Reppert 
et al., 1994). In addition, PER protein cycles are in abun- 
dance in two clusters of neurons (dorsal [LNd] and ventral 
[LNv]) within the lateral portion of the Drosophila protocer- 
ebrum, and these lateral neurons are thought to be essen- 
tial for normal circadian pacemaker function (Ewer et al., 
1992; Frisch et al., 1994). In contrast, PER protein cannot 
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Figure 1. Diagram of the pM4 P Element Plasmid and Southern Blot 
Analysis of Drosophila Transgenic Strains 
(A) Construction of the fly-moth per gene (top) and the pM4 plasmid 
(bottom). Closed and open rectangles indicate, respectively, Drosoph- 
ila per upstream regulatory sequence (including the fly RNA initiation 
site) and Antheraea per coding sequence and 3’ untranslated region 
with a polyadenylation signal. The miniwhite gene used to select trans- 
formants is depicted by the hatched rectangle, and P element se- 
quences are shown by shaded diagonal stripes (see Experimental 
Procedures). 
(8) Southern blot analysis of EcoRCdigested genomic DNA from 
transgenic strains M4-1, M4-2, and M4-3. Lanes 1-3, genomic DNA 
from flies carrying transgenes M4-1, M4-2, and M4-3, respectively; 
lanes 4-5, DNA from siblings of lines M4-1 and M4-2, respectively, 
lacking the transgene. The blot was hybridized with labeled silkmoth 
per cDNA sequences. Different size classes of hybridizing bands are 
detected in each strain, cndrcating that each P element insertion is 
flanked by unique sequences and hence is an independent event. 
On genetic criteria, strain M4-3 apparently carries two inserts of the 
transgene (data not shown), and this is consistent with the presence 
ofmultiplehybridizingDNAfragments.Asexpected, DNAfromsiblings 
without the transgene does not hybridize to this probe (lanes 4-5) 
but did hybridize toaflyperprobe(datanotshown). Digestion withXhol 
and Bglll provided comparable evidence for independent insertion 
events. PCR analysis with genomic DNAs using primers flanking the 
fly-moth ligation junction also indicated that these transgenic lines 
carried srlkmoth coding sequences. 
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Frgure 2. Spatial Distribution of PER-lmmunoreactive Product In the 
Nervous Systems of Wild-Type and Transgenrc Flies at ZT 0 
(A) Wild type; (B) per@; M4-2. 
Arrowheads indicate the nuclei of photoreceptors l-7. Arrows show 
strarning in the dorsal group of lateral neurons. CBr, central brain Ey, 
eye: OL, optic lobe Magnification, 200 x 
Figure 3. PER lmmunohistochemical Staining in the Compound Eyes 
of Wild-Type, per’, and perO; M4 Transgenic Individuals at Two Drffer- 
ent Times of Day 
(A and B) per’; (C and D) per? (E and F) per”; M4-2. 
(A), (C), and(E) show trssue sections from flies dissected at ZT 0 (lights 
on), whereas (B), (D), and (F) are from flies dissected at ZT 12 (lights 
off). Per stainmg in photoreceptor nuclei is shown bythe arrows. Magm- 
fication, 560x 
ZT 12 
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be detected in the visual system or CNS of per0 null mu- 
tants that are arrhythmic (Siwicki et al., 1988). 
lmmunohistochemical staining demonstrated the pres- 
ence of silkmoth PER protein in perOflies carrying the M4 
transgene, with a neuroanatomic distribution similar to the 
wild type. For example, in two different strains carrying 
independent insertions of the M4 transgene (M4-2 and 
M4-15), expression of the moth PER protein was detected 
in nuclei of the photoreceptors and lateral neurons. Figure 
2 documents the spatial expression pattern in wild-type 
and per’? M4-2 flies, and asimilar pattern of protein expres- 
sion was observed in per0 mutants carrying the M4-15 
insertion (data not shown). Figure 3 and Figure 4 show 
high magnification views of the photoreceptors and lateral 
neurons, respectively. In general, the number of PER- 
immunoreactive lateral neurons was similar, although not 
identical, in wild-type and perO; M4-2 transgenic flies. In 
the wild type, there were 5-7 cells in the LNd group and 
4-7 in the LNv group (see Ewer et al., 1992 for compari- 
son), whereas transgenic flies had 7-10 cells in LNd and 
5-9 in LNv. We cannot assess the significance of this small 
difference in cell number between wild-type and trans- 
gene-bearing per0 mutants. Transgenic flies also ex- 
pressed moth PER protein in glia of the CNS and optic 
lobes, similar to the wild type (data not shown). Although 
the moth protein might be expressed in nonneural tissues, 
as is fly PER, expression outside of the nervous system 
was not examined in the present study. 
We also looked for evidence that the silkmoth protein 
was rhythmically expressed in transgenic individuals. Both 
in per? M4-2 and peP; M4-15 flies, clear immunostaining 
was observed in the nuclei of photoreceptors and lateral 
neurons at the time of lights on (ZT 0) in the light-dark 
(LD) 12:12 cycle in which animals were maintained. There 
was a low level of expression at ZT 12 (Figure 3 and Figure 
4; data not shown). Mutants carrying the M4-2 transgene 
insertion were sectioned for immunostaining at 2 hr inter- 
vals throughout the cycle, starting at ZT 0 (see Experimen- 
tal Procedures). Those studies demonstrated a marked 
diurnal variation in PER staining in the nuclei of both the 
photoreceptors and lateral neurons ofper!‘; M4-2flies; rep- 
resentative photomicrographs from ZT 0 and ZT 12 are 
shown in Figure 3 and Figure 4. Staining was most intense 
within the photoreceptor nuclei of peP; M4-2 individuals 
between ZT 20 and ZT 2 and least intense between ZT 6 
and ZT 16 (Figure 3). The same temporal pattern of PER 
staining was observed in the the nuclei of the lateral neu- 
rons of per? M4-2 flies (Figure 4). 
The data shown in Figures 3E and 3F and Figures 4E 
and 4F represent per? M4-2 flies carrying two copies of 
the transgene. Similar results were observed for per? 
M4-2 flies carrying only a single copy, but the immuno- 
staining was less intense than that seen in the two-dose 
siblings, suggesting a dose-dependent expression of the 
silkmoth protein (data not shown). As expected, PER im- 
munoreactive product was not detected at any time of day 
within photoreceptor nuclei (Figures 3C and 3D) or lateral 
neurons (Figures 4C and 4D) of per’ sibling flies that 
lacked the M4-2 transgene. 
Figure 4. Per lmmunohistochemical Staming in the Lateral Neurons 
of Wild-Type, per”, and per”; M4 Flies 
(A-F) are as described in the legend to Figure 3. PER staining in lateral 
neurons is indicated by the arrows. Magnification, 970x. 
Behavioral Studies of M4 Transgenic Flies 
We used three behavioral criteria to determine whether 
the silkmoth protein functioned as an element of the Dro- 
sophila circadian clock. One criterion was whether the M4 
transgene shortened circadian period, since earlier stud- 
ies had shown that circadian period is shortened in a dose- 
dependent manner by additional copies of Drosophilaper’ 
or per’ (Smith and Konopka, 1982). A second criterion is 
transgenic rescue of behavioral rhythmicity in per0 mu- 
tants, which has previously been documented for Dro- 
sophila per gene sequences (Bargiello et al., 1984; Zehr- 
ing et al., 1984; Petersen et al., 1988). For the first two 
types of studies, we evaluated rhythms in constant dark- 
ness to assess whether the silkmoth protein participated 
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Table 1. Dose-Dependent Shortening of r by the M4 Transgene 
in per+ and per Mutant Genetic Backgrounds 
Genotype M4 Dosage n T (hr) %  Arrhythmic 
per+; M4-2 0 15 23.3 r 0.1 0 
1 22 23.0 f O.lb 0 
2 14 22.0 + 0.1 0 
per’; M4-15 0 8 23.7 k 0.1 50 
1 13 22.7 r 0.3c 53.8 
2 19 21.8 * 0.2 36.6 
per’; M4-2 0 23 27.8 k 0.1 0 
1 23 27.4 k 0.1 0 
2 18 26.6 2 0.1 16.6 
perL; M4-15 0 26 28.5 k 0.1 3.0 
1 29 28.1 + 0.1 3.4 
per‘; M4-17 0 23 27.5 f 0.1 8.7 
1 22 24.4 + 0.5 54.5 
2 25 24.6 -t 1.0 92.0 
perl; M4-20B 0 25 27.6 k 0.1 12 
1 24 26.9 f 0.2 4.1 
2 21 25.1 f 0.4 19.0 
pers; M4-2 0 10 19.0 f 0.1 0 
1 11 18.8 f 0.16 0 
2 12 18.1 + 0.5 75 
per*; M4-15 0 24 19.0 f 0.1 8.3 
1 12 18.3 f 0.1 25 
’ Period values for flies carrying 1 or 2 copies of the M4 transgene 
were compared with 0 copy siblings using two-tailed t test. All differ- 
ences were significant at p 5 .Ol unless otherwise noted. 
bp< .05 
‘p = .02 
d Not significant at p = .07. 
in endogenous pacemaker functions (Figure 3 and Figure 
4; Table 1). Finally, we analyzed the entrainment of M4 
individuals in a LD 12:12 cycle as an indication of light- 
induced resetting of the circadian pacemaker. 
M4 Shortens Circadian Period in a per + Background 
Initially, per+; M4-2 flies were examined to determine 
whether the presence of the transgene affected circadian 
period. The period of the adult locomotor activity rhythm 
was clearly shortened by the M4-2 insert in a dose- 
dependent manner (Figure 5; Table 1). In per’ flies car- 
rying one copy of M4, on average, a slight shortening of 
period was observed relative to siblings (0 dose flies) lack- 
ing the transgene (Table 1). In flies carrying two copies 
of M4-2, however, period was shortened by 1.3 hr (Table 
1). Moreover, one remarkable per+ individual bearing a 
single copy of M4-2 displayed robust rhythmicity with a 
period of only 13.5 hr (data not shown). A comparable 
dose-dependent shortening of ciradian period was also 
observed in per+ flies carrying the M4-15 insert (Table l), 
which is located in a different chromosomal position (see 
Experimental Procedures). Therefore, the observed ef- 
fects on circadian period are not dependent on the geno- 
mic location of the M4 transgene. One difference between 
these two lines was the high frequency of arrhythmicity 
observed in per +; M4-15 flies, but this phenotype was not 
A 
Days 
B 
Days 
C 
Days 
Time (h) 
Figure 5. Activity Plots Showing a Dose-Dependent Shortening of Cir- 
cadian Period in per+; M4 Flies 
In this figure and Figure 6, locomotor activity is double-plotted modulo 
24 hr, with successive days depicted one beneath the other. Histo- 
grams represent activity events during each 30 min period of trme. 
Arrows indicate the transition from LD 12:12 to constant darkness. 
(A) per+ fly without the transgene; r = 23.6 hr. 
(6) per+: M4-2 fly carrying one copy of the transgene; T = 22.8 hr. 
(C) per+; M4-2 fly with two copies of the transgene; T = 21.3 hr. 
correlated with the presence of the M4-15 insert (see Dis- 
cussion). 
M4 Shortens Circadian Period in perL and 
perS Backgrounds 
Similar results were obtained with perL flies carrying one 
or two copies of M4-2; that is, there was a slight shortening 
of period in per‘ flies with one copy of M4-2 but a 1.2 hr 
decrease in period in flies with two copies of M4-2 relative 
to control siblings (Table 1). The M4-15 insertion also 
shortened circadian period in a per‘ background (Table 
l), although we did not examine mutants carrying two cop- 
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ies of this transgene. However,  at least two other indepen- 
dent genomic insertions of the M4 transgene (M4-17 and 
M4-206) did shorten the circadian period of pefL flies, and 
one of these had a dose-dependent effect on period (Ta- 
ble 1). 
In peP flies carrying either the M4-2 or M4-15 inser- 
tions, a shortening of circadian period was also observed 
(Table 1). For M4-2, a single copy of the transgene short- 
ened period by only 0.2 hr (in this one case, not a statisti- 
cally significant effect), whereas two copies decreased pe- 
riod by 0.9 hr (Table 1). Similar to the results with pe+, 
there was an increase in the percentage of arrhythmic flies 
with increased M4-2 copy number. 
The M4 Transgene Can Restore Behavioral 
Rhythms to per0 Mutants 
To determine whether the M4 transgene could rescue an 
arrhythmic phenotype, per0 mutants carrying the transgene 
were examined in constant darkness. In those experi- 
ments, we screened flies carrying the M4 transgene in 19 
independent genomic locations, including the M4-2 and 
M4-15 inserts, since a complete rescue of the null pheno- 
type might require high levels of per expression, and the 
expression level of the silkmoth transgene could be 
subject to position effects (data not shown; see Experi- 
mental Procedures). Although rhythmic individuals were 
observed in several of these lines, including M4-2, rescue 
was most consistently seen in the M4-15 line. In this partic- 
ular line, 22.9% (11 of 48) of per0 individuals carrying one 
copy of the transgene displayed rhythmicity in the circa- 
dian range (Figure 6A), with an average period of 20.9 f 
0.5 hr. For these rhythmic individuals, the average peak 
amplitude from periodogram analysis was 67.9 + 7.5 (ar- 
bitrary units). All per0 siblings from this line were arrhyth- 
mic (Figure 6B) with the exception of a single individual 
Time (h) Period 
13:oo 15:50 1s:oo 20150 23:oo 25:50 
(1 of 27) with significant periodicity in the circadian range. 
Thus, at least in certain genomic locations, the M4 
transgene can rescue the per0 phenotype. 
perO; M4 Flies Entrain to LD 12:12 
When the wild-type circadian pacemaker is entrained to 
a LD 12:12 cycle, bimodal dawn and dusk bouts of activity 
are observed (Figure 7A). According to oscillator theory, 
short-period and long-period mutants should entrain to a 
24 hr cycle such that activity bouts are abnormally early 
or late, respectively (Pittendrigh, 1981) and this has been 
demonstrated for perS and per’ mutants (Hamblen-Coyle 
et al., 1992). In contrast, per0 flies do not entrain to LD 
cycles; they exhibit bursts of activity associated with the 
lights-on and lights-off signals (a so-called masking effect; 
Wheeler et al., 1993) but no anticipation of the dawn and 
dusk transitions (Figure 7C). 
To assess the effects of the M4-2 transgene on LD en- 
trainment (i.e., clock resetting), behavioral rhythms were 
examined for 7 days in LD 12:12 in several types of flies: 
per+ males from the parental stock used for P element 
transformation, perO; M4 males carrying one or two copies 
of the transgene, and per0 sibling males. The summary 
profiles of activity for populations of per+ and per0 flies 
(Figures 7A and 7C) entirely replicated previous reports 
(Hamblen-Coyle et al., 1992). Similar to per+ flies and un- 
like per0 siblings, peP; M4 flies entrained to LD 12:12, 
exhibiting anticipatory activity prior to subjective dawn and 
dusk (Figure 7). However,  both the dawn and dusk bouts 
of activity in the transgene-bearing flies were extremely 
early compared with per+ control flies, occurring in the 
middle of the night or day, respectively (compare Figure 
78 with 7A). In separate experiments, we examined per“; 
M4-15 flies, and these individuals also entrained to LD 12: 
12 with a similar early phase phenotype (data not shown). 
Figure 6. Rhythmic Activity in a per0 Fly Car- 
rying the M4 Transgene 
(A) peP; M4-15 fly with one copy of the 
I transaene; 7 = 18.8 hr 
- h .L 
-h >L * 
z -yI 
IS.80 (B) Arrhythmic per’ sibling. 
m  
The periodograms next to the two activity plots 
yr -- _- indicate significant rhythmicity for the 
--* transgene-bearing fly (A) and arrhythmicity for 
the per0 sibling (B). 
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tein expression, which we have demonstrated for flies car- 
rying the M4 transgene. Because the silkmoth protein is 
expressed appropriately in the fly, it is possible to analyze 
its function in the proper cellular and biochemical contexts. 
Figure 7. Populatron Summary Plots of Locomotor Activity for peP; 
M4 and Control Flies in LD 12:12 
(A) per* males without the transgene; n = 16. 
(6) per’; M4-2 males carrying two copies of the transgene; n = 26. 
(C) per0 siblings without the transgene; n = 16. 
In these plots, histograms represent the average activity in 30 min 
bins for the population expressed as a percentage of total daily activity. 
The open and closed bins indicate activity during the day and night, 
respectively. In (A), bouts of activity immediately anticipate lights on 
and lights off, whereas in (B), they are significantly early. The peaks 
of activity evident for per0 flies (C) are simply due to a masking effect 
(see text). per’ females and peP; M4 flies carrying one copy of the 
transgene were also characterized; their behaviors were similar to 
those shown in (A) and(B), respectively. Although we show population 
averages for per’ and per? M4-2 flies, the behavior of individuals 
was the same; I.e., for both genotypes, 100% of the flies entrained 
to the LD cycle. 
The Silkmoth Protein is a Short-Period Form of PER 
In addition to mediating rescue of per0 mutants and en- 
trainment to a LD cycle, a transgene expressing silkmoth 
protein shortens circadian period in a dose-dependent 
manner. Smith and Konopka (1982) previously demon- 
strated similar but not identical dosage effects using the 
wild-type Drosophilapergene. Their results indicated that 
extra copies of per’ shortened period in per+ and per’ 
backgrounds, but lengthened period inperS mutants. They 
also showed that extra copies of Drosophila peP short- 
ened period when carried in a pers mutant. As this last 
result is similar to the effect of the M4 transgene, we con- 
clude that the moth protein functions in Drosophila as a 
short-period form of PER This interpretation is strength- 
ened by the observation of short-period behavior in rhyth- 
mic per? M4 flies. 
Three different short-period per alleles have been identi- 
fied in Drosophila: perT, pers, and per”, with average cir- 
cadian periods of about 16, 19, and 22.5 hr, respectively 
(see Konopka et al., 1995). Only the first two of these 
mutations have been molecularly characterized. The perS 
allele is a missense mutation that results in the substitution 
of asparagine for serine at position 589 (Baylies et al., 
1987; Yu et al., 1987). This mutation identified a short- 
period mutable domain from amino acids 585-601, in 
which single substitutions lead to a short-period pheno- 
type (Baylies et al., 1992; Rutila et al., 1992). Although the 
exact lesion has not yet been defined, the per T mutation is 
thought to result from deletion of 3’ gene sequences (J. 
Hall, personal communication), suggesting that the car- 
boxy terminus of the protein might be affected. In this 
regard, it is known that the silkmoth protein is truncated 
at its carboxy terminus relative to fly PER protein and lacks 
conserved regions c-4 to c-6 (Reppert et al., 1994). Thus, 
it is possible that both perT and the silkmoth proteins lack 
carboxy terminal amino acid sequence that is important 
for the determination of normal circadian period in Dro- 
sophila. An alteration of this sequence might contribute 
to the short-period phenotypes observed in per7 and M4 
transgenic flies, although the D. melanogaster and silk- 
moth per proteins also differ in other regions, including 
the short-period mutable domain. Interestingly, the short- 
period mutable domain of D. virilis (but not D. melanogas- 
ter) is quite similar to that of A. pernyi (Reppert et al., 
1994), and D. virilis adults also exhibit circadian periods 
shorter than those of D. melanogaster (M. Hamblen-Coyle 
and J. Hall, personal communication). 
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Discussion 
Silkmoth PER Is Expressed in Appropriate Spatial Effects on Period and Strength of Rhythmicity 
and Temporal Patterns in Transgenic Flies Are Separable in M4 Transgenic Flies 
We have shown that PER protein from the silkmoth A. In several different lines carrying independent insertions 
pernyi can mediate clock functions in the fruitfly D. melano- of the M4 transgene, we observed a dose-dependent in- 
gaster. These functions are presumably dependent on crease in arrhythmicity in perL or perS backgrounds. Such 
proper neuroanatomic and temporal patterns of PER pro- an effect was not observed in aper+ background, although 
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relative to M4-2, flies from the per+; M4-15 line were more 
frequently arrhythmic, irrespective of whether they carried 
the transgene. Since the M4 transgene shortens period 
in a pef+ background without a correlated increase in ar- 
rhythmicity, the observed effects on period and strength of 
rhythmicity are formally separable. Such separable effects 
on period and rhythmicity were also reported by Liu et al. 
(1991) in their studies of Drosophila transgenic strains. 
Though the effects on either parameter are not understood 
in molecular terms, it seems probable that both involve 
changes in the normal spectrum of PER protein interac- 
tions. It is known, for example, that PER protein can form 
homotypic and heterotypic associations that are mediated 
by a conserved region known as the PAS domain (Huang 
et al., 1993), although the putative in vivo partners of per 
have not been identified. 
The PAS domain is highly conserved among different 
species, and thus it is likely that silkmoth PER protein 
can directly interact with Drosophila PER in addition to 
potential downstream targets such as transcription fac- 
tors. It is known that perL mutations result in amino acid 
substitutions within this domain that affect intramolecular 
and intermolecular PER protein interactions (Huang et al., 
1993, 1995). Although perS mutations do not affect the 
formation of PER homodimers (Huang et al., 1995), it is 
possible that they alter heterotypic interactions. As in- 
dicated previously, silkmoth PER protein has dose- 
dependent effects on circadian period, yet causes signifi- 
cant arrhythmicityonly in mutant backgrounds. Therefore, 
it is likely that the protein interactions underlying period 
determination are distinct from those responsible for 
strength of rhythmicity. Perhaps the silkmoth protein inter- 
feres to a greater extent with the protein interactions re- 
quired for normal rhythmicity because of an altered affinity 
of mutant protein for downstream targets. 
Silkmoth PER Protein Mediates Free-Running 
Rhythmicity and Entrainment in Drosophila 
Approximately 23% of per”; M4-15 transgenic flies ex- 
pressed coherent activity rhythms in constant darkness, 
indicating that silkmoth PER protein, by itself, can mediate 
clock function. The remainder of these flies, however, 
were arrhythmic, suggesting that interactions of the silk- 
moth protein with other components of the circadian 
system are compromised in some way. In theory, such 
aberrant protein interactions might disrupt the actual gen- 
eration of circadian period or, alternatively, affect clock 
output (i.e, coupling of the clock to the activity rhythm). It 
is clear that the clock itself is not completely normal in 
the rescued peP; M4-15 flies, since they exhibit average 
circadian periods of 20.9 hr. 
The entrainment phenotype of pef’? M4 individuals in 
LD 12:12 is more likely to be a consequence of altered 
clock output, rather than an effect on the pacemaking 
mechanism. We have shown that silkmoth PER protein 
cycles in the lateral neurons and photoreceptors of these 
transgenic flies in a manner that is similar to that observed 
for the endogenous fly protein (Zerr et al., 1990). It is of 
interest that Zerr et al. were able to observe a phase differ- 
ence between wild-type and perS flies with regard to PER 
protein staining intensity. Given the number of transgenic 
flies examined immunohistochemically in the present 
study, it was not possible to determine whether moth PER 
cycling was slightly early relative to the wild type. However,  
protein cycling was not phase advanced in transgenic flies 
to the same extent as behavior, which was approximately 
7 hr early compared with control per+ individuals. This 
indicates that PER protein cycling and its regulation of 
behavior are separable molecular functions. It is possible 
that this alteration of the steady-state phase of activity 
reflects an abnormal interaction of silkmoth PER protein 
with downstream effector molecules of the clock output 
pathway. 
In this context, it is intriguing to note that entrainment 
profiles in LD 12:12 are nearly identical for per? M4 
transgenic flies and Drosophila perT mutants (Konopka et 
al., 1995), both of which have short circadian periods. As 
mentioned earlier, it is known that the silkmoth PER pro- 
tein is truncated relative to the wild-type fly protein, and 
the perT protein might also be lacking carboxy terminal 
sequence. In the aggregate, these data suggest that the 
early-phase phenotype observed in both the transgenic 
flies and perT might result from an alteration of carboxy 
terminal sequence. 
Comparison of Fly and Silkmoth Clock Systems 
The overt expression of circadian rhythms differs between 
the fruitfly D. melanogaster and the silkmoth A. pernyi, 
which are diurnal and nocturnal, respectively (Saunders, 
1982). Whereas the fruitfly activity rhythm is bimodal (see 
Figure 7A), in the silkmoth, there is a single bout of activity 
during each cycle that occurs near the middle of the night 
when animals are entrained to LD 12:12 (Truman, 1974). 
In addition to exibiting short circadian periods, peP; M4 
flies express abnormally early bouts of activity, one of 
which is near the middle of the subjective night. It is tempt- 
ing to speculate that these effects on period and phase 
might, in part, reflect an interspecific transfer of clock prop- 
erties. 
Experimental Procedures 
Culture and Maintenance of Drosophila 
For ail studies, Drosophila strains were reared in a LD 12:12 cycle at 
24% and -6O%-70% relative humidity. Adults were then maintained 
in LD 12:12 for a minimum of 5-7 days prior to immunohistochemicai 
or behavioral analysis. Two different DrosophiiaperOstrains, y wpeP’ 
and w pep sn’ were used in these studies. Both the perL and perS 
mutations were carried on w sn3 chromosomes. 
Construction of Plasmids 
Plasmids for P element-mediated DNA transformation were generated 
using D. meianogasterperreguiatorysequences and thecoding region 
of the A. pernyi per gene. A 4 kb BamHi-Sail DNA fragment including 
the Drosophila sequences was obtained from pEMBL16.1, which was 
kindly provided by P. Hardin. it contains the Drosophila per transcrip- 
tion initiation site and extends from approximately -4000 to +25 reia- 
tive to this site (Hardin et al., 1992). To generate our construct, the 
clone was digested with Sali, and then this site was filled in using 
Kienow. Following BamHi digestion of the clone and gel purification 
of the BamHI-blunt fragment, it was ligated into the pBluescript vector 
adjacent to a 3.4 kb blunt-Psti siikmoth cDNA fragment that contains 
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167 bp of 5’ untranslated sequence and the entire silkmoth coding 
domain (Fteppert et al., 1994). Flanking Kpnl and Xbal sites in pBlue- 
script were employed to excise the fly-moth per cassette and direction- 
ally ligate It into a modified pCaSpeR-AUG-8-galactosidase P element 
vector (Thummel et al., 1988) from which the B-galactosidase coding 
region had been removed by KpnllXbal digestion. The resulting 
P element construct is known as M4 (see Figure 1); it contains Drosoph- 
ila per gene flanking sequences adjacent to the silkmoth cDNA with 
about 20 bp of intervening plasmid polylinker sequence. This chimeric 
gene was ligated into the P element vector such that its 3’ end is next 
to SV40 sequences containing a small t intron and a polyadenylation 
slgnal (Thummel et al., 1988). The construction of Bluescript and 
P element plasmid vectors was verified by sequencing all ligation junc- 
tions. 
Production of Transgenic Strains 
Embryo injections were performed using the w”‘~ strain as host and 
the A2-3 P element helper plasmid, which produces transposase but 
cannot insert in the genome. Both plasmids were purified by CsCl 
density centrifugation and then dialyzed extensively in IO mM Tris, 1 
mM EDTA prior to injections. They were injected into preblastoderm 
embryos (Spradling and Rubin, 1982) at concentrations of 0.7 mglml 
and 0.15 mglml for the M4 and helper plasmids, respectively, using 
a Picospritzer II pressure injection system (General Valve Corp) and a 
Leitz micromanipulator. Three independent transgene-bearing strains 
were derived from the progeny of 99 surviving Go adults. One of these 
three strains, M4-2, was characterized in most detail: it carries a single 
P element insertion in region 57EF of chromosome 2R. 
Transposase hopping was employed to generate additional M4- 
bearing strains with P element inserts in other genomic positions (Bay- 
hes et al., 1987; Robertson et al., 1988). To establish new lines, we 
took advantage of the ability to distinguish insert-bearing heterozy- 
gotes from homozygotes on the basis of eye color. This is possible 
because flies carrying two copies of the miniwhite gene in pCaSpeR 
and other P element vectors have significantly darker eye color than 
their siblings with one copy of the P element insert (Klemenz et al., 
1987). 
To mobilize the M4-2 insert, transgene-bearing males were crossed 
to y w/y w; Ki d2-3/Ki 42-3 females carrying a genomically stable 
source of P transposase (Robertson et al., 1988). Fl males of the 
genotype y w/Y; w+/+; Ki 42-3/+ were then crossed to attached-X, y 
w females in vials. F2 males or females with significantly darker eye 
color than that observed in M4-2 flies were collected as progeny that 
potentially carried new inserts. Only a single wi fly was collected per 
vial to ensure that each established strain carried an independent 
genomic insert. Approximately 50% of the transposase hopping 
crosses yielded at least one progeny fly with darker eye color, indicat- 
ing that the transgene had moved to a new genomic location. To estab- 
lish genetically balanced strains, the F2 w+ males were individually 
crossed to y w peP’/y w per0’ females and then F3 y w peP/Y; w+ 
males were mated to attached-X, y w females. This was possible for 
almost all new insertion events, because the majority of them were 
autosomal. F2 females carrying new inserts (which also had 
attached-X chromosomes) were crossed toy wpep’ males to generate 
balanced strains. In all, 29 new transgene-bearing lines were estab- 
lished. Homozygotes from three of these new lines, M4-15, M4-17 
and M4-20B, have almost wild-type red eye color, in contrast to flies 
from the parental M4-2 line, which have orange eye color. The M4-15 
insert, which partially rescues the peP mutation, is located in region 
50 of chromosome 2R. 
Molecular Analysis of Transgenic Strains 
Isolation of genomic DNAs, Southern blot analysis, and DNA hybridiza- 
tions were conducted as previously described (Newby and Jackson, 
1993). In situ hybridizations to larval polytene chromosomes were per- 
formed according to the method of Engels et al. (1986). Standard 
methods were used to carry out PCR analysis of genomic DNAs. For 
those studies, a pair of primers was designed to amplify an approxi- 
mately 300 bp segment of the chimeric transgene that spans the junc- 
tion between the Drosophila and silkmoth sequences. 
Genetic Crosses and Behavioral Assays 
Flies carrying a per mutation (Pep’, pers, or per’) in combination with 
an autosomally linked M4 transgene were generated by crossing per/ 
per mutant females to transgene-bearing males. The behavior of per; 
M4 male progeny was compared with that of per male siblings lacking 
the transgene. Flies were handled and locomotor activity rhythms were 
monitored exactly as described in previous studies (Newby and Jack- 
son, 1993; Levine et al., 1994). 
lmmunohistochemistry 
Two independently generated polyclonal antisera against Drosophila 
per protein were used: anti-S directed against a PER peptide near 
the site of the per’ mutation (Siwicki et al., 1988) and a second PER 
antiserum prepared against a baculovirus-expressed recombinant 
PER protein (provided by Lino Saez, Rockefeller University). The 
anti-S antiserum has been used previously to detect the endogenous 
silkmoth per protein (Reppert et al., 1994). These antisera were used 
at dilutions of 1:400 (anti-S) and 1:500. In control experiments, heat- 
inactivated normal serum was substituted for the primary antibodies, or 
the primary anti-S antibody was preincubated with its original peptide 
antigen. The temporal and spatial pattern of PER immunoreactivity 
was virtually identical with both antisera. For transgene-bearing flies 
and siblings, 3-4 individuals were stained with antibody and examined 
at each of 12 different timepoints (ZT 0 to ZT 22 at 2 hr intervals). For 
the lateral neuron cell counts reported in the results, 15 wild-type and 
4 per’? M4 individuals were examined. 
In preparation for immunostaining. flies were anesthetized with tri- 
ethylamine at desired timepoints. The head with attached thoracic 
segments was surgically removed and fixed overnight at 4% in modi- 
fied Bouin-Hollande solution without acetic acid but supplemented 
with 0.7% mercuric chloride. Standard techniques were employed for 
sample dehydration, embedding in paraplast, sectioning at 5-7 vrn, 
and deparaffinization. Fortransgene-bearingfliesand siblings, at least 
3-4 individuals were sectioned at each of 12 different timepoints. After 
rehydration, the slides were treated with Lugol’s iodine followed by 
5% sodium thiosulfate to remove residual heavy metal ions from the 
fixed tissues. Sections were washed in distilled water and phosphate- 
buffered saline supplemented with 0.2% Tween 20 and 0.1% bovine 
serum albumin (PBS-TB), blocked with 10% heat-inactivated goat se- 
rum in PBS-TB, and then incubated overnight at 4°C with primary 
antiserum in PBS-TB. After rinsing with PBS-TB (3 x 10 min), they 
were incubated with goat anti-rabbit-XX-biotin conjugated secondary 
antibody (Molecular Probes; 1:800 dilution in PBS-TB, 1 hr at room 
temperature), rinsed with PBS-TB (3 x 10 min), and finally incubated 
with NeutraLite avidin-horseradish peroxidase conjugate (Molecular 
Probes; 1:200 in PBS-TB, 1 hr at room temperature) before DAB (0.25 
mM) staining. Tissue sections were dehydrated and mounted in Accu- 
Mount-60 medium. 
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